INTRODUCTION
In 1972, Jefftess described how the lateral position of an interaurally delayed stimulus depends upon bandwidth. He contrasted the lateral position ofa 500-Hz tone delayed 2000 its (a full period) with that of a broadband noise interaurally delayed by the same amount. He noted that the pure tone is judged to be "centered," while the broadband noise is perceived far toward the leading ear. Jeffress ( 1972, pp. 357-358) explained this result by noting that neural activity in the central auditory system that processes such stimuli (i.e., the so-called "coincidence detectors") is weighted differentially with regard to interaural delay. Cells which monitor stimuli that produce small interaural delays were assumed to outnumber those that process stimuli containing large interaural delays. For narrow-band stimuli, laterality judgments are assumed to be dominated by the activity of neurons that process stimuli with very small interaural delays. For broadband stimuli, laterality is dominated by neural activity that now reflects the contribution of additional neurons that respond to the added spectral components. These additional neurons have in common an internal delay that corresponds to the external delay of the stimulus. In this fashion, it is postulated that a large amount of neural activity, all indicating a consistent amount of delay over a range of frequencies, dominates more sparse activity produced by neurons that monitor other delays. The spatial density of neurons that process interaural delays is incorporated within virtually all modern models of binaural processing (e.g., Sayers and Cherry, 1957; Colburn, 1977; Blauert and Cobben, 1978; Stern and Colburn, 1978) , and physiological data concerning the distribution of such neurons has been provided by Kuwada and Yin ( 1983 ) and Kuwada et al. (1987) . In addition, the concept of density of coincidence-counting neurons has been used to explain certain psychophysical observations. For example, it is well known that small changes in the position of sources of sound are more easily noted when the sounds originate in the median plane than when they originate from positions near to or opposite each ear.
These statements notwithstanding, it appears that Jeffress' observations concerning bandwidth have not appeared to have stimulated empirical and theoretical investigations that focus upon how the binaural processing of an interaurally delayed stimulus is affected by bandwidth. The purpose of this paper is to reopen these issues and to examine lateralization as a function of bandwidth utilizing stimuli that incorporate interaural time delays and interaural phase shifts.
In addition, we will discuss these data in terms of a new model of binaural hearing that addresses these data and suggests a new way of interpreting arguments concerning the role of envelope versus fine structure in the formation of acoustic spatial images (Stern et al., 1988 ) . Because Stern et al. describe the new model in detail, discussions of it will be directed toward conceptual rather than quantitative explanations.
In the following sections, we first review some of the conceptual aspects of the model and the consequent motivation for the particular stimuli that xvere used in the experi-ments. We then present the data and evaluate the model in general terms.
I. THE WEIGHTED-IMAGE MODEL
The model, which is called the weighted-image model, addresses the lateralization of spectrally and temporally complex stimuli in terms of the patterns of activity of the putative coincidence detectors at different frequencies. As is true for most other models of binaural interaction, the weighted-image model assumes that peripheral auditory processing can be modeled (at least in part) by passing signals to each ear through a bank of parallel bandpass filters, each with a slightly different center frequency. Outputs of pairs of these filters with matching center frequency, one from each ear, are then cross correlated. If the bandwidth of a stimulus centered at 500 Hz were sufficiently broad, the ITD would be readily identifiable because the locus of the peaks is a straight and vertical line at only the value of the interaural delay parameter r corresponding to that ITD ( 1500 •s in this case). This "straightness" could very well be the cue used to recognize that the interaural delay of the stimulus is exactly 1500/•s. Since real sounds emitted by point sources produce ITDs that are consistent over a range of frequencies, the "straighter" a particular line or trajectory of maxima, the more that trajectory is likely to represent the actual ITD of the stimulus. On the other hand, if the signal were very narrow in bandwidth, one could conjecture that the auditory system would have difficulty distinguishing between the various peaks because there is not enough range of frequencies to estimate adequately the 800[ "straightness" of any single trajectory. Under these circumstances, it seems that lateralization is determined by the trajectory that is closest to the faxis, i.e., the most "central" locus of maxima. As discussed above, it is believed that the more central trajectories are weighted more heavily because there are more binaural coincidence-counting units with small internal interaural delays than there are neural units with larger internal delays. Jeffress (1972) focused upon centrality and did not discuss straightness per se nor how both centrality and straightness could be manipulated so that their respective effects and interactions could be discovered and quantified. In many cases (including the 500-Hz noise with a 1500-its ITD), either straightness or centrality considered in isolation would cause the sound to be lateralized toward different sides of the head. It seems reasonable to believe that, in these cases, lateral position is the result of some type of resolution of these conflicting pieces of information (perhaps not unlike the "trade" of interaural timing and intensity information that characterizes the lateralization of simple stimuli with small interaural differences).
In order to examine the extent to which straightness plays a role in the lateralization of complex stimuli, it is useful to consider the lateral position of 500-Hz bandpass noise as a function of both ITD and interaural phase difference (IPD). These stimuli are particularly illuminating because appropriate combinations of ITD and IPD enable the experimenter to manipulate the interaural correlation of a binaural bandpass noise such that straightness and centrality can be independently specified over spectral regions of interest. Specifically, consider a bandpass noise presented with an ITD of T, and an IPD of •s. We adopt the notational convention that a positive ITD or IPD causes the signal to the left ear to lag the signal to the right ear in time or phase. Assuming ergodicity, we define the cross-correlation func- (2), the correlation function will include a trajectory of maxima that also passes through •-equals T• at frequency f,, but that trajectory will be less "straight" (as in the dotted curves of Fig. 1 ). In general, we expect that the position of the perceived image will be dominated by centrality considerations when the stimuli are presented with sufficiently narrow bandwidths. In the limiting ease, very narrow-band noise stimuli produce spectra that are like those produced by pure tones. Since all of the trajectories of cross-correlation maxima for pure tones will be completely straight and parallel to one another, no single trajectory would be weighted more tiian any of the others, and the image location would be mediated by the relative centrality of these trajectories. In addition, it is difficult to obtain reliable estimates of the curvature of the trajectories of limited spectral extent produced by a narrowband stimulus. In order for curved trajectories to be produced, the stimulus bandwidth must be wide enough for some stimulus components to be weighted more heavily than others by the filters of the peripheral auditory system. Hence, the contributions of straightness considerations to lateral position should become increasingly more important as bandwidth increases.
In the present paper, we describe the results of two sets of lateralization experiments. The first compares the iateralization of two sets of stimuli with equal centrality but different curvature, while the second provides data using a wider variety of stimulus conditions in which straightness and centrality are varied simultaneously while the interaural delay of the envelope (the group delay) is held constant. The ITDs and IPDs of the targets were fixed within trials and were produced by inserting either a passive delay line or a phase shifter (or both) in the right channel. Both delayed (and possibly phase shifted) and undelayed channels were then passed through identical electronic switches that were gated on and off simultaneously (i.e., there were no onset or offset disparities). Each sequence of stimuli consisted of three presentations of the target followed by three presentations of the pointer, each of duration 100 ms, separated by 50 ms, and followed by a 400-ms pause. All stimuli were gated with 10-ms cosine-squared rise/decay times. Targets presented with a bandwidth of 100 Hz were presented at an overall level of 70 dB SPL, and stimuli with other bandwidths were manipulated to maintain a constant noise power per cycle. When the lid of the pointer was zero, the total power at each ear was 73 dB SPL. The sequencing repeated indefinitely until the listeners indicated that they had matched the positions of the target and pointer.
While making a match, listeners were able to halt the stimuli and to "check" their adjustments after a period of silence. The ability to stop a sequence, rest, and restart appeared to be very helpful. When the listeners indicated that they had completed a match (by pressing a button on their response box), the sequencing stopped and a tone was inserted in the circuit as a substitute for the noisy pointer to facili- Two female and two male listeners participated in this study. All were young adults who had extensive prior experience in similar experiments including those described in Trahiotis and Bernstein (1986).
III. EXPERIMENT I
In this experiment we measured the subjective lateral position of bandpass noises with a center frequency of 500 Hz with bandwidths of 50, 100, 200, or 400 Hz for two conditions: ( 1 ) an ITD of 1500/•s and (21 an IPD of 270 deg. Of course, the ITD is equivalent to an 1PD that is a linear function of frequency. On the other hand, an IPD is equivalent to an ITD which is inversely proportional to frequency, as depicted in Fig. 1 . The IPD of 270 deg may also be thought of as a delay of only the carrier of the bandpass noise, while the ITD may be thought of as a consistent delay of the constituents of the whole waveform (i.e., the envelope, the carrier, and the phase modulation). Note that both the ITD of 1500 /•s and the IPD of 270 deg produce identical interaural de-lays for stimulus components at 500 Hz (as is seen in Fig. 1 ) . Thus, within a narrow region around 500 Hz, the trajectories of maxima of the cross-correlation function exhibit equal centrality but different straightness for these two classes of stimuli.
For the stimuli presented with the 1500-/•s ITD, the most central trajectory of maxima of the correlation function is positioned (at 500 Hz) at --500•s (on the left or "lagging" side of the head), but the straightest trajectory is positioned at + 1500•s (on the right side). For very narrow bands of noise, which approach pure tones, it is well known that listeners' lateralization judgments reflect the location of the more central trajectory. It was noted earlier that broad bands of noise similarly delayed are lateralized far toward the leading ear. Consequently, it was our expectation that the lateral position of the stimuli presented with the 1500-/•s ITDs would change dramatically as a function of increasing bandwidth. On the other hand, the lateral position of the stimuli presented with the 270-deg phase shift would not be expected to be greatly affected by increases in bandwidth because both the most central and the straightest trajectory are on the left side of the head at a value of •-of about --500/_rs (as seen in Fig. 1 ) .
Results from this experiment, using the procedures described in the previous sections, are plotted in Fig. 2 In general, both sets of data conform with our expectations regarding the effects of the competition between the centrality and curvature factors of the putative internal representation of the stimuli via a cross-correlation mechanism. 3
IV. EXPERIMENT II
In order to study further the effects ofinteraural delays and phase shifts, we conducted a second experiment in which the ITD was held constant (at 1500 or 2000/xs) while the IPD was varied from 0 to 270 deg in 90-deg steps. As before, the bandwidth of the target was either 50, 100, 200, or 400 Hz. We used the same procedures and listeners as in experiment I. Only the average of the three separate matches is shown because the variability of the data was quite small (i.e., the standard deviations of the matches was typically about one dB or so).
Considering first all data collected with an ITD of 1500 /rs, we note that the data with an IPD of 0 deg replicate those presented in Fig. 2 for corresponding stimulus bandwidths, and they conform to our predictions as discussed in Sec. III.
Targets with an IPD of 90 deg added to the ITD of 1500 /xs were perceived to be at or near the midline when the bandwidth of the target was either 50 or 100 Hz. As the bandwidth of these stimuli was increased to either 200 or 400 Hz, they were lateralized increasingly more toward the right side of the head. As was seen in experiment I, the listeners varied considerably in the amount of IID of the pointer required to match the position of the targets. Once again, listeners BB and MJM represented the extremes, BB showing the greatest range of response variation, and MJM the smallest range. These stimuli exhibit a central trajectory that passes through r equals 0 Fs at 500 Hz, so we expect that these narrow-band targets would be heard at or near the midline. As bandwidth is increased, it is expected that the targets would be heard further toward the right side because the trajectory that passes through 2000/rs at 500 Hz is the narrow-band targets should be heard toward the right because the most central trajectory at 500 Hz is at approximately + 500/_rs. As the bandwidth of the target is increased, the image would be expected to continue to be lateralized far toward the right, both because of the centrality of the trajectory mentioned above and because of the straightness of the adjacent trajectory that passes through + 2500/as at 500 Hz. The additional contribution of the straightness of the adjacent trajectory is evident in the data of listener BB, who is the listener who appears to be the most sensitive to the relative straightness of the trajectories.
When the target was 50 Hz wide, data presented with an IPD of 180 deg vary considerably from listener to listener. BB and MJM indicated that they heard the target far to the right, while for PJ it appears that the target was perceived somewhat to the right. MC, on the other hand, apparently heard the target toward his left ear. This variability of matches from listener to listener probably occurs because the trajectories for these stimuli are symmetric about the midline at 500 Hz, producing a stimulus thai: is very similar to an interaurally out-of-phase tone. As the bandwidth increased to 400 Hz, all listeners (including MC) heard the targets far to the right. This probably occurs because, for broadband stimuli, the trajectory that passes through + 1000/zs at 500 Hz is straighter than the trajectory at --1000 •ts.
Finally, 50-Hz-wide targets presented with an IPD of 270 deg (and an ITD of 2000/rs) were perceived either to the right (listeners MC and PJ) or near the midline (listeners BB and MJM). Again, as bandwidth increased to 400 Hz (or 200 Hz in the case of BB), targets were matched by IIDs indicating that they were heard far to the right. As before, the differences in response among the listeners probably occur because the trajectories depicting activity produced by these stimuli exhibit conflicting contributions of straightness and centrality. At narrow bandwidths, we expect that the targets would be lateralized toward the left side because of the most central trajectory that passes through -500 gs at 500 Hz. At broader bandwidths, however, the straighter trajectory that passes through + 1500/•s at 500 Hz will become more dominant, causing the target to be heard on the right. Once more, the data conform to these expectations. •One of the reviewers asked whether the stimuli that produced stratght trajectories of the peaks of the cross-correlation function were more compact, and, conversely, whether stimuli for which all cross-correlation peaks fell along a curve produced images that had relatively large intracranial extent. 
